A two-fraction dust-air mixture is the simplest example of polydisperse suspensions. We aim to study the characteristics of ignition and combustion of a two-fraction suspension of carbon particles in air at different temperatures. The main characteristics of the dispersed fuel combustion are the ignition delay, burning temperature and time, and critical parameters (temperature, diameters of particles, and mass concentrations) corresponding to the fuel ignition and extinction. The high-temperature heat and mass transfer and chemical kinetics are modeled for a two-fraction particles-gas suspension (diameter of fine particles 60 m and for that with coarse particles 120 m) with equal mass fractions. The gas temperature is varied in the interval between 1100 K and 1500 K. K e y w o r d s: сombustion, carbon, gas suspension, ignition.
Introduction
The need to reduce emissions of carbon dioxide and particulate matter into the atmosphere requires increasing the effectiveness of coal dust combustion. The carbon fuel burnt in power stations contains particles of different sizes. A simple case of such fuel is two-fraction dust-air suspensions. The aim of the work is to study the characteristics of ignition, burning, and extinction of two-fraction carbon particles in an air suspension at different temperatures.
The main characteristics of the disperse fuel combustion are: the ignition delay, the burning temperature and time, the critical temperatures, the diameters of particles, and mass concentrations, which determine their ignition and extinction [1, 2] .
Physical and Mathematical Modeling of High-Temperature Processes in Two-Fraction Coal-Air Suspension of Carbon Particles
The research includes the physico-mathematical modeling of the high-temperature heat and mass transfer and the kinetics of chemical transformations of carbon particles in an oxidizing gaseous medium. As the first approximation, a two-fraction carbon particlesgas suspension containing equal mass concentrations of fine particles (diameter 60 m) and coarse particles (120 m) is considered. The gas temperature ranges from 1100 K to 1500 K.
The physico-mathematical model of high-temperature heat and mass transfer of the carbon particlesgas suspension includes the differential equations of thermal and mass balances for the particles of each fraction and the corresponding equations for oxygen-containing gas [3, 4] . We will study the hightemperature heat and mass transfer and the kinetics of the chemical transformation of a two-fraction gas suspension of carbon particles with particle diameters that differ by several times with equal mass concentrations.
Let us consider the non-stationary heat and mass transfer of a polydisperse suspension of carbon particles in air. On the surface of particles, two parallel chemical reactions occur:
The heat balance equation for the particle of the -th fraction is written in the following form, taking into account its heat exchange with the gas and the walls of the reaction vessel:
where -the particle specific heat, J/kg· K; -the particle density, kg/m 3 ; -the particle diameter of the -th fraction, m; , -are the current and initial temperatures of a particle, K; -time, s; ℎ -the total density of chemical heat release at the surface and in the pores of a particle, W/m 2 ; -the heat flux density at the particle surface, W/m 2 ; -the density of the radiation heat flux from the particle to the reaction vessel walls, W/m 2 . The total density of chemical heat release on the outer and inner surfaces of the particle, according to [5, 6] , is determined from the expression:
where 1 , 2 -rate constants of chemical reactions (I) and (II), m/s; 1 , 2 -thermal effects of chemical reactions (I) and (II) calculated per unit oxygen mass, J/kg · O 2 ; -gas density, kg/m 3 ; O2, -relative mass concentration of oxygen on the surface of a carbonaceous particle.
We write the expression for the concentration of oxygen on the surface of a particle:
The heat exchange of each particle with a gas is determined by the density of the heat flux on the surface of a particle , including the heat transfer by conduction, convection, and Stefan flow [7] :
where is the heat exchange coefficient of the particle, W/m 2 · K; is the gas thermal conductivity, W/m· K, is the gas temperature, K. We write down the expression for the radiation heat flux per unit area of a particle to the walls of the reaction vessel by using the known formulas of StefanBoltzmann and Kirchhoff:
where is the emissivity of carbon; T w -temperature of the reaction vessel walls, ; = 5.67 W/m 2 · K 4 is the Stefan-Boltzmann constant.
During the coal suspension burning, the particle diameter and density decrease with time due to the chemical reactions on the outer and inner surfaces of particles (inside the pores). The differential equations of mass balance for the diameter and density of a carbon particle of the -th fraction can be written as
where -the particle initial diameter, ; -initial particle density, kg/m 3 . The important parameter of the gas suspension is its mass concentration , which depends on the particle diameter and the numerical concentration :
where is the mass concentration, kg/m 3 , and is the numerical concentration, m −3 of the -th fraction of the solid phase of the suspension; is the number of particles in the -th fraction.
Thus, as the combustion proceeds, the fuel mass concentration reduces, as the particle diameter and the density decrease, and the numerical concentration is unchanged till the moment of complete burn-out.
During the suspension burning, the gas temperature and the oxidizer content change with time:
where is the particle surface area (the -th fraction), m 2 ; -specific heat of a gas, J/kg· K; ∞ -surrounding gas temperature, K;
-heat transfer coefficient of the carbon particles-gas suspension with the surrounding medium, W/m 2 · K; -Nusselt number corresponding to the heat transfer of the particles-gas suspension with the surrounding medium; -specific surface area of the particles-gas suspension, m −1 ; -the outer surface area of the suspension, m 2 , -mass-transfer coefficient of the suspension with the environment, m/s; O2,∞ -relative mass concentration of oxygen outside the suspension: for oxygen in the air O2,∞ = 0.23.
Calculation Results and Discussion
Thus, the physico-mathematical model (1)- (11) describes the nonstationary high-temperature heat and mass transfer and the kinetics of chemical transformations of the polydisperse carbon particles-gas mixture. So, it is possible to determine the main characteristics of combustion of a carbon particles-gas suspension by solving these equations: the ignition delay, the burning time and temperature, and the critical parameters of ignition and extinction.
We present the temperature-time histories of particles of each fraction, the gas temperature history, and the particle temperature time derivatives during the combustion of a two-fraction ( = 2) carbon suspension at different gas temperatures. The initial mass concentration of the carbon fuel in the particles-gas suspension is = 0.0244 kg/m 3 , the mass concentrations of fractions are the same:
This mass concentration corresponds to the stoichiometric composition of the carbon-air mixture [1, 2] . Therefore, the amount of oxygen is sufficient for the complete fuel burnout. We determine the instants of the ignition ( ) and extinction ( ) of particles by extrema on the dependence / ( ) and calculate the ignition delay time and the burning time.
The analysis of the temperature histories shows that, at high gas temperatures, the ignition and burning of the fine fraction occur firstly (Fig. 1, a, b) . Coarse particles ignite shortly before the extinction of fine particles. During the burning of fine particles, the oxygen concentration decreases substantially. So, the ignition and subsequent burning of coarse particles proceed at a low oxygen content.
At a relatively low gas temperature (Fig. 1, c, d ), large particles ignite earlier (curves 2). According to (5) , fine particles have a higher heat transfer coefficient. Therefore, the increase in the ignition delay of fine particles in comparison with the coarse particles is explained by the rise of heat losses from small particles into the surrounding gas, as its temperature decreases [see formula (4)].
As can be seen from Fig. 1, d , the ignition delay ind (duration of the warm-up from the start to ) consists of two parts: the time of the particle inert heating up to the gas temperature (up to * ) and the time of the heating by chemical reactions (from * up to ). As the temperature of the surrounding gas decreases for small particles, the time of the chemical stage increases, during which the temperature of the gas in the gas suspension section reaches a higher value necessary for the ignition. Thus, in the hightemperature range, the ignition delay time of a twofraction particles-gas suspension is determined by the ignition delay of small particles and, at low temperatures, by the ignition delay of large-particle particles (Fig. 2, a) .
At a certain critical value of the gas temperature cr (Fig. 2, a) , the suspension does not ignite. The critical ignition temperature of a two-fraction particles-gas suspension is significantly lower than the ignition temperature of an equal-sized single particle. Moreover, the critical temperatures of ignition differ substantially for single large and small particles ( .cr1 = 1370 K, .cr2 = 1280 K), and they practically coincide in the two-fraction particles-gas suspension (Fig. 2, a) .
It should be noted that, near the critical gas temperature, a single particle ignition delay is much less than the ignition delay time of an equal-sized particle in the particles-gas suspension (Fig. 3) .
It follows from Fig. 3 , c and d that, for a single particle, the critical ignition conditions are pronounced clearly. If the gas temperature decreases by one degree, the particle does not ignite. It warms up to a temperature slightly above the gas temperature (curve 2). The critical extinction conditions of the burning particle are also clearly expressed. When the particle diameter reaches a critical value, its temperature and oxidation rate sharply decrease (curves 1, Fig. 3, c, d ). The extinction of the particles-gas suspension occurs in a degenerate regime because of the approximate equality of the temperatures of a gas and particles (Fig. 3, a,  b) . There is no sharp bend on the curve ( ) that characterizes the abrupt change in the oxidation regime.
The burning temperature of fine particles at a low gas temperature is lower than that of coarse particles (Fig. 2, b) due to large heat losses to a gas and the lack of an oxidizer at the stage of combustion. The oxygen concentration is significantly reduced at the ignition of fine particles due to its consumption by large-sized particles.
Conclusions
Thus, it is established that, at gas temperatures above 1400 K, the ignition delay of a two-fraction carbon particles-gas suspension is determined by the ignition delay of fine particles and, at a gas temperature below this value, by the ignition delay of the coarse particles. This fact is a result of the increase in heat losses by the molecular convection to the surrounding gas from the small particles. The ignition temperature of the two-fraction particles-gas suspension is determined. The range of the ambient gas temperature and that of the reaction vessel walls is determined, for which the burning temperature of fine particles is less than that of coarse particles.
